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The genetic structure of a lichen population will be strongly influenced by the manner in 61 which photobionts are dispersed and transmitted to the fungus (Hill 2009). Vertical (or co-62 dependent) transmission occurs when the photobiont disperses as part of the vegetative propagule of 63 the lichen, thus presumably representing the predominant process in exclusively or nearly 64 exclusively asexual lichen species (Werth & Sork 2010) . The vegetative propagules produce 65 physically separate but genetically identical thalli, i.e., thalli with fungal and algal components 66 On the other hand, horizontal (or independent) transmission usually occurs when the fungus 68 reproduces sexually. The sexual life cycle is considered to reshuffle the genetic composition of the 69 lichen, generating new combinations of fungal and algal genotypes (i.e., genetically different thalli). 70
Horizontal transmission may also depend on the dispersal ability of the photobiont. The ability of 71 green-algal photobionts to move is very restricted, as they usually do not disperse (either sexually or 72 asexually) while embedded in the lichen thallus (Sluiman et al. 1989; Nash 1996) . However, many 73 green-algal photobionts can occur in free-living populations on soil, rocks, or tree stems ( Studies on the mode of transmission of lichen photobionts in natural populations remain 79 scarce. In particular, the genetic composition of a lichen thallus (i.e., its individual mycobiont and 80 photobiont genotypes) and its fine-scale spatial distribution has never been reliably assessed at the 81 within population scale due to the lack of appropriate genetic markers. Marker resolution becomes in 82 fact critical when studying highly clonal organisms such as lichens, for which multilocus genotypes 83 are the only way to identify genetically distinct individuals (Arnaud- Haond et al. 2007) . 84
This work aims to assess the relative contribution of vertical vs. horizontal transmission to 85 the intra-population genetic structure of the mycobiont and of the photobiont of a mainly vegetative 86 lichen species. The model species is the epiphytic lichen L. pulmonaria, which is widespread in the 87
Northern Hemisphere (Yoshimura 1971 In particular, vertical transmission of the photobiont is expected to result in short-distance spatial 113 aggregation of fungal and algal clones, while horizontal transmission due to mycobiont sexual 114 reproduction will decouple photobiont-mycobiont pairs at larger distances (Werth & Sork 2010) . What is the relative contribution of the micro-evolutionary processes of mutation and recombination 118 to the current fungal and algal intra-population genetic diversity? (c) Are there differences in the 119 within-population spatial genetic structure between mycobiont and photobiont? 120
To address these questions, we introduce an approach that takes advantage of the 121 microsatellite markers for both the fungal and algal partners. This method allows for the reliable 122 identification of clonal thalli (i.e., thalli with identical multilocus genotypes for the fungus and the 123 alga, respectively). Under the assumption that pairs of thalli with identical multilocus genotypes 124 both for the fungus (MLG F ) and for the alga (MLG A ) within a population result from the vegetative 125 co-dispersal of fungal and algal clones, we can infer within-population evolutionary processes (such 126 as mutation and recombination) by restricting analysis for one symbiont to pairs of thalli with 127 identical MLG in the other symbiont. While statistical inference of (spatial) genetic structure within 128 populations is often limited by a lack of independent replicate populations, we illustrate our 129 approach with a data set of 62 range-wide populations that allows robust statistical analysis. 130
This research assesses the way photobionts are transmitted in a predominantly asexual taxon 131 and provides insights into the contribution of the micro-evolutionary processes of mutation and 132 
Materials and Methods 135
Sample collection and molecular genetic analysis 136
The goal of our design was to detect the intra-population genetic structure of the fungal and algal 137 symbionts of L. pulmonaria among adjacent trees. This design would not detect either the extent of 138 the overall genetic clustering on the same tree or the extent of gene flow among populations. In total, 139 2229 thalli of L. pulmonaria were sampled from 62 populations across Europe, North America, Asia 140
and Africa (Table S1 , Supporting Information). The median distance between a population and the 141 nearest neighbor sampled population was 115 km, and all but nine populations were at least 25 km 142 from their nearest neighbor population. For the purpose of our analyses, a population was defined as 143 a stand of trees colonized by L. pulmonaria. Across each population, 1 -3 thalli were randomly 144 taken from an average of 23 nearest neighbor trees (i.e., proceeding from a sampled tree to its 145 nearest unsampled neighbor tree). The maximum distance among the sampled trees within each 146 population typically was < 1500 m except for three populations, with a median maximum distance 147 of 274 m and a minimum of 16 m. Thalli collected on a single tree were separated by about 50 cm 148 and positioned on different sides of the trunk. This sampling design allows for the investigation of 149 microsatellite variation within a population of L. pulmonaria (Walser et al. 2003; Wagner et al. 150 2005). On average 31 thalli were collected per population, which has been found to be an 151 appropriate number to resolve within-population mycobiont and photobiont genetic structure (Werth 152 2010 Table S4 ). We used the P sex to assess the 175 likelihood that identical MLGs were of sexual origin. The significance of P sex was tested at α = 0.05 176 To analyze the genetic diversity of the fungal and algal symbionts, each pair of thalli of L. 179 pulmonaria was analyzed for the number of microsatellite loci at which they differed in the fungal 180 genotype MLG F ("deltaF") and in the algal genotype MLG A ("deltaA") (see Fig. 1 for a graphic  181 representation). All analyses were restricted to pairwise comparisons of thalli within populations. 182
Three subsets A, B and C of the data were used for analysis as defined in Table 1 . 183
Pairwise comparisons within populations are not independent, hence statistical tests cannot 184 rely on parametric tests and true replication requires independent data from multiple study sites. (ii) Negative exponential distribution model accounting for somatic mutation (Fig. 2, center) . 216
Mutations are assumed to occur independently for each locus and for each symbiont. Hence, over 217 many generations and in an otherwise only vegetatively reproducing population, mutation will first 218 lead to difference in a single locus, a subsequent mutation to difference in one additional locus, and 219 so on, following a negative exponential model defined by parameter lambda. 220 if 100 pairs were predicted, 37 may be predicted by the exponential model and 63 by the empirical 232 null model of recombination). We multiplied these proportions by the observed frequency of each 233 level of deltaA or deltaF in data set C to estimate the ratio of mutation vs. recombination among the 234 non-clonal component. Bootstrap mean and standard error of this ratio were determined by leaving 235 out one population at a time. 236
Assuming an average microsatellite mutation rate of 10 -3 , the expected probability of 237 observing at least one mutation in the alga (with 7 independent loci) is 0.0068, the expected 238 probability of observing at least one mutation in the fungus (with 8 independent loci) is 0.0077. The 239 expected probability of mutation occurring in both symbionts independently at the same time is (6.8 240 * 10 -3 ) * (7.7 * 10 -3 ) = 5.2 * 10 -5 . The probability that both symbionts show a somatic mutation was 241 thus expected to be less than 1% of the probability for somatic mutation in either symbiont and 242 After exclusion of recurrent MLGs that were not assessed as true clones (P sex values >0.05, 209 256 thalli), had incomplete genotype assessment (55 thalli) or missing spatial coordinates (5 thalli), the 257 data set consisted of 1960 thalli. We found 1051 MLGs for the haploid fungus and 1025 MLGs for 258 the haploid alga, with a total of 1256 MLGs based on all 15 markers from both symbionts (Table S1 , 259 Supporting Information: numbers of different MLGs per population; Table S4, Supporting  260 Information: allele frequency distribution per population at eight fungal and seven algal loci). 261
Multiple fungal or algal genotypes within the same thallus were not found in any of the populations. 262
Our analyses were based on 36,218 pairwise comparisons within populations pooled over 62 263 populations (Table 1) . The relative frequency distribution of the number of loci differences (deltaA, 264 F o r R e v i e w O n l y 13 deltaF; calculated over all pairs within populations (data set A) was similar for both symbionts, with 265 the highest frequency of thalli differing by four loci each for the fungus and for the alga (Fig. 3A) . In 266 both symbionts, we found a high frequency of identical pairs of thalli (2977 pairs with deltaA=0; 267 3285 pairs with deltaF=0; Fig. 3A) . 268
269
Vertical transmission of the photobiont 270 2294 pairs had identical MLGs both for the alga and the fungus (deltaA=deltaF=0). When the 271 analysis was restricted per symbiont to those pairs of thalli displaying an identical MLG in the other 272 symbiont (data set B), both the alga and the fungus displayed a high degree of clonality, with 273 deltaA=0 and deltaF=0 as the predominant classes (Fig. 3B) . The proportion of clonal comparisons 274 was higher for the fungus (77.06 % ±0.72 %) than for the alga (69.85 % ±0.60 %). 275
276

Identifying micro-evolutionary processes of mutation and recombination 277
After the exclusion of recurrent genotypes within each population and constraining by clonality in 278 the other symbiont (deltaF=0 for algal MLGs and vice versa, data set C), we found 215 algal and 279 269 fungal pairs of MLGs that differed from each other in at least one locus (Table 1, Fig. 3C ). For 280 both symbionts, the largest proportion of these pairs differed at only one locus (deltaA or deltaF=1). 281
The alga showed a strongly skewed distribution of the number of loci differences as expected under 282 a negative exponential model resulting from mutation (Fig. 3C, left) . In the fungus, the distribution 283 was bimodal, suggesting the presence of an additional process (Fig. 3C, right) . 284
In fungal sexual reproduction, each ascoma (i.e., reproductive structure of the fungus) may 285 either form meiotic fungal spores with the same MLGs or spores with different MLGs. Both spore 286 recombinations would result in the same MLG as the mother thallus. The secondary peak in the 290 distribution of deltaF given deltaA=0 was proportional to the frequency distribution expected from 291 the empirical null-model of recombination (Fig. 3C, right) . The combination of an exponential 292 model representing mutation and the empirical null model of recombination explained the 293 distribution of the number of loci differences for each pair of fungi with identical algae well, 294 explaining a total of 96.5% of the variation for the fungus, whereas for the alga, the exponential 295 model alone explained 98.5 % of the variation (Table S3, Clonality depended strongly on distance (Fig. 4) . There was a marked decrease in the frequency of 303 pairs of thalli with identical fungal and algal MLGs (vertically transmitted photobionts, 304 deltaF=deltaA=0) within the first 20 m, compensated by an increase in the frequency of pairs that 305 differed both in the alga and in the fungus (deltaF>0 and deltaA>0). 306
The relative frequency of distance classes for each type of pairs showed significant 307 differences between the two symbionts (Fig. 5) . For the alga, pairs with differences at 1 or more loci 308 The high variability of the microsatellite markers used in this study, combined with the approach 345 constraining the analyses of one symbiont to pairs of individuals with genetically identical symbiotic 346 partners and the availability of data from 62 replicate populations, provided robust evidence for 347 patterns of mutation and recombination in L. pulmonaria symbionts. The alga showed a clear signal 348 of mutation as indicated by the exponential distribution of the number of loci differences (Fig. 3C,  349 left). Considering that no statistically significant signal of recombination was found, our results 350 indicate that the photobiont D. reticulata may reproduce strictly asexually. In lichen photobionts, the 351 production of zoospores (motile, flagellate spores) is considered a means to escape from the thallus, 352 Our study suggests that independent dispersal of the symbionts does occur in natural populations of 405 L. pulmonaria and that it has a considerable impact on the genetic diversity of lichen populations. 406
407
Spatial genetic structure 408
We analyzed the spatial genetic structure of lichen populations to infer about dispersal processes 409 related to horizontal and vertical transmission of the photobiont. While statistical analysis of spatial 410 patterns is often limited by the lack of replicate study areas, the availability of comparable spatial 411 genetic data from 62 replicate populations allowed robust statistical analysis based on bootstrap 412
estimates. 413
Here we showed that the fungal and algal clonal components had a large impact on the small-414 scale spatial genetic structure of the lichen association, and the signal of clonality markedly 415 decreased within a distance of about 20 m (Fig. 4) . Our results indicate that vegetative propagules 416 play a dominant role to disperse genetically identical symbionts of L. pulmonaria over short spatial 417 distances within populations. They are thus a means of rapid lichen spread at the local scale 418 The differences in the reproductive modes between the two symbionts of L. pulmonaria 423 described above were clearly reflected in their spatial genetic structure. We expected that the 424 symbionts mainly spread within the vegetative propagules of the lichen, and thus would present 425 similar spatial structures. The alga, which only showed a signal of mutation, confirmed this 426 assumption by displaying almost an identical spatial pattern as the clones (with deltaA=deltaF=0; 427 As a caveat, we recall some key assumptions to our analysis. First, we assume that long-436 distance migration leads to the introduction of new genotypes, i.e., that it is unlikely that the same 437 MLG would originate independently in two populations and migrate from one to the other, thus 438 reflecting larger-scale processes within our data set B. Based on observed allele frequencies within 439 populations, we estimated the probability of independent origin of clones as <0.1 % each for the 440 immigration is expected to be much lower still. Second, we assume that each mutation leads to a 442 new allele, such as expected under an infinite-alleles mutation model. Multiple identical but 443 independent mutations within the same population, as might be expected under a step-wise mutation 444 model, would lead to underestimation of the relative contribution of mutation due to the exclusion of 445 recurrent MLGs in data set C. Third, we assumed independent mutation in both symbionts at the 446 same time to be negligible, and we estimated its probability as <1% of the probability of mutation in 447 either symbiont. Concurrent mutation in both symbionts would reduce the relative size of data set B 448 but should not otherwise bias results. 449
We inferred the different processes shaping the genetic structure of the symbionts, 450
highlighting that, even in a species with rare sexual reproduction such as L. pulmonaria, fungal 451 recombination is a process shaping the genetic structure between the two lichen symbionts. Alga: all pairs of data set A with deltaF=0 Category of multilocus genotype pairs Frequency of distance classes
